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Abstract 
ab-plane infrared spectra of two single-crystalline (Nd,Eu,Gd)Ba2Cu3Oy superconductors (NEG-123) with different 
Gd:Eu ratio were studied. Infrared reflectance was measured between 10 and 300 K at frequencies from 35 to 8000 
cm-1. The experimental data were interpreted in terms of the two- and one-component models. The crystal with higher 
Gd content had more distinguished spectral features (phonons, the middle-infrared band) and about half concentration 
of charge carriers than the other crystal. We attribute this result to the fact that spectral features are screened by 
charge carriers and that the screening weakens with decreasing carrier concentration.  
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Horst Rogalla and 
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1. Introduction 
Infrared spectroscopy traces the low-energy excitations that might be relevant for explanation of the 
high-Tc superconductivity [1,2]. Some of them cause that the real part of the optical conductivity in the 
middle-infrared region does not decrease with frequency of the incident EM radiation, like Drude free 
charge carrier term, but more slowly. They can result even in an increase of this dependence. This can be 
understood in frame of two- and one-component models. The two-component model supposes that optical 
response comes partly from free and bound charges and its total response is the sum of both contributions. 
The effective charge carrier mass and the scattering rate are assumed constant for the given temperature. 
The one-component model supposes that the optical response is determined by only one type of charge 
carriers, strongly interacting with each other and with other excitations. Due to the interactions the 
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effective mass of such carriers differs from that of free charge carriers. The mass and the corresponding 
scattering rate depend on frequency of the incident EM radiation. 
In this paper we compare optical properties of two single crystals, (Nd0.33Eu0.2Gd0.47)Ba2Cu3Oy (Gd-
rich crystal), and (Nd0.33Eu0.38Gd0.28)Ba2Cu3O7-G (Eu-rich crystal), using both above mentioned models. 
The crystals belong to the LRE-Ba2Cu3Oy (LRE-123) materials, where LRE is one or more light rare 
earth ions. The ternary LRE-123 materials with three LRE ions offer design of a more effective vortex 
pinning structures than materials with one LRE ion only. The paper deals with infrared optical properties 
of the ternary cuprates. 
 
2. Experimental details 
Powders of Nd2O3, Eu2O3, Gd2O3 and BaCO3 were mixed in the nominal composition. The single 
crystals were grown from melt in air and then oxygenated at 683 K. They were approximately rectangular 
with dimensions denoted as a, b, and c, coinciding with the crystallographic axes names. The Gd-rich 
single crystal had dimensions a = 1.5 mm, b = 2.0 mm, and c = 0.5 mm, and the Eu-rich single crystal 
dimensions were a = 1.7 mm, b = 1.8 mm, and c = 0.5 mm. The critical temperature was measured with 
SQUID magnetometer, and reached Tc = 94.0 K at 5 mT for both crystals. The reflectance was measured 
in the ab planes between 35 and 8000 cm-1, at temperatures from 10 to 300 K, and at zero magnetic field. 
In order to determine absolutely the reflectance and compensate for the surface roughness, the irregular 
shape, and the small area of the crystals, we used the method of overcoating. Each single crystal was 
measured first intact and then coated in situ with gold, the latter measurement being taken as reference. 
The reflectance was detected by a pyroelectric DTGS (deuterated triglycine sulphate) detector and 
because of a low-level signal only unpolarized EM radiation was used. 
 
3. Results and discussion 
The reflectivity R of the Gd-rich and Eu-rich single crystal as a function of the frequency Z are plotted 
in figures 1(a,b), respectively. 
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Fig. 1. Reflectivity of the (a) Gd-rich and (b) Eu-rich single crystal between 35 and 8000 cm-1.The insets show details of the far- and 
middle-infrared region between 35 and 1200 cm-1. 
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From the reflectivity data we calculated optical response functions, accessible from the R(Z) spectra via 
the causality principle, which yields the phase difference T(Z) between the incident and reflected EM 
waves. T(Z) was expressed with the Kramers - Kronig (KK) transformation. This procedure, however, 
requires knowledge of reflectivity from zero to infinite frequency. Because our experimental data were 
available only between 35 and 8000 cm-1, we had to make appropriate extrapolations for frequencies 
between 0 and 35 cm-1 and from 8000 cm-1 to infinity. In the first case, for temperatures above Tc, we 
used the Hagen-Rubens formula, R(Z) = 1-AZ1/2, describing the optical response of a normal metal. A in 
this expression is a positive constant. For temperatures below Tc, the extrapolation was done by means of 
the two-fluid model with embedded Lorentz oscillators [3], expressed by formula R(Z) = 1 - BZ4, where 
B is again a positive constant for the given temperature. 
The room temperature reflectivity of the Gd- and Eu-rich crystals at 8000 cm-1 reached values 0.28 and 
0.21, respectively. Both these values were accidentally observed in YBCO [4,5]. Therefore, we used as an 
extrapolation between 8000 and 2.104 cm-1 in the case of Gd-rich crystal YBCO data from Ref. [4] and for 
Eu-rich crystal YBCO data from Ref. [5]. Between 4.104 and 106 cm-1 we applied formula R(Ȧ)v Ȧ-0.1, 
approximating the contribution of the inter-band transitions [3] and above 106 cm-1 reflectivity was 
assumed to originate only from free charge carriers and thus we used relation R(Ȧ)v Ȧ-4 [3]. The last two 
extrapolations (above 2.104 cm-1) were applied to both crystals. 
From the knowledge of the R(Z) and T(Z) spectra we were able to compute the real parts of the 
complex optical conductivity V1(Z) and of the dielectric function H1(Z). The results are plotted in figures 
2(a,b), and 3(a,b). We describe them at first in frame of the two component model above Tc. We see that 
the V1(Z) spectrum of both crystals exhibits a significant peak at zero frequency, which rises and sharpens 
upon cooling from room temperature to Tc. Below Tc this peak disappears. The peak corresponds to the 
Drude free-charge carrier contribution. Its vanishing below Tc is due to condensation of the charge 
carriers during the superconducting transition. There are several other spectral peaks, whose character 
corresponds to the bound charges. We attributed them mainly to phonons and to the middle-infrared band. 
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Fig. 2 Real part of the optical conductivity (a) of the Gd-rich single crystal, (b) of the Eu-rich single crystal. 
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Fig. 3 Real part of the dielectric function (a) of the Gd-rich single crystal, (b) of the Eu-rich single crystal. 
In the Eu-rich crystal the bound charge response is much less pronounced than in the Gd-rich crystal. 
We attribute it to a stronger screening by free charge carriers in the Eu-rich crystal. The bound charge 
response was modeled as a sum of damped harmonic Lorentz oscillators with frequency independent 
oscillator strengths, resonant frequencies, and damping. Both crystals exhibited peaks at approximate 
resonant frequencies 120, 190, 270, 350, and 570 cm-1, which we ascribed to phonons [6]. The peak at 
120 cm-1 should originate from the out-of-phase b-axis polarized vibration of the Cu-O and Ba-O planes. 
The line at 190 cm-1 was attributed to in-plane vibration of Cu and O ions along the a-axis. The 270-cm-1 
structure comes from O ion vibrations in Cu-O planes adjacent to the LRE ion. The 350-cm-1 structure 
arises from oxygen vibrations in Ba-O planes. The peak at 570 cm-1 corresponds to O(1) vibrations. All 
the peaks except the 190-cm-1 one had lower resonant frequency in the Eu-rich crystal than in the Gd-rich 
one due to their screening by the free charge carriers. Very interesting structure at 250 cm-1, not observed 
in the Eu-rich crystal, occurred in the Gd-rich crystal below Tc. Its profile is not phonon-like and its 
energy is lower than the commonly referred pseudogap [1,7].  
We simultaneously fitted the V1 and H1 spectra obtained from the KK transformation by the Drude-
Lorentz model. After arriving at sufficiently good fit we calculated the reflectivity by means of the fitted 
parameters and found good agreement with the measured reflectivity. We subtracted all phonon 
contributions and obtained the response of the charge carriers. It was described with the rest conductivity 
Vr(Z) = V1r(Z) + iV2r(Z). It substantially differed in both single crystals from the simple Drude model. We 
tried to analyze it using the one-component model based on interacting charge carriers. The model is 
generalization of the Drude model with the frequency dependent scattering rate 1/W(Z) and mass 
enhancement m*(Z)/m, 
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Here H0 is the permittivity of vacuum, Zp is the unscreened plasma frequency obtained from the simple 
Drude model fit, and m is the free charge carrier mass. The results are shown for the Gd- and Eu-rich 
crystals in figures 4(a,b), and 4(c,d), respectively. We stress here that 1/W(Z) is causally connected with 
m*(Z). Above Tc, the scattering rate below 200 cm-1 gradually decreased with decreasing temperature in 
both crystals, which was accompanied by increase of the carrier effective mass. For higher frequencies the 
crystal lattice lost its ability to follow the charge carriers, and thus the carrier mass decreased [7]. 
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Fig 4 (a) Scattering rate of the Gd-rich crystal, (b) mass enhancement of the Gd-rich crystal, (c) scattering rate of the Eu-rich crystal, 
(d) mass enhancement of the Eu-rich crystal. 
The mass decrease in frequencies above 300 cm-1 is very steep in the Gd-rich crystal, leading to 
negative mass values. It demonstrates substantial role of the bound charge in the spectrum, which can be 
represented by a damped Lorentz oscillator, giving a similar effect. It can be illustrated by substitution of 
the oscillator expressions V1r and V2r into equations (1). As the oscillator strength and damping changed 
with varying temperature, the effect became more pronounced and the one-component description was no 
more adequate. Due to stronger screening by the charge carriers in the Eu-rich crystal the Drude model 
was more suitable. We therefore calculated the carrier concentration using the simple Drude model fit. 
The effective concentration Neff of charge carriers per unit cell, Neff=İ0mȦp2Vc/e2, where e is the electron 
charge, and Vc is the unit cell volume, with Vc = 170 Å3 obtained from the X-ray diffraction, was 
approximately 0.04, and 0.09 for the Gd-, and Eu-rich crystal, respectively. We also determined DC 
conductivity from the same simple Drude model fit. It increased during cooling from 300 to 100 K from 
2650 to 13400 :-1cm-1 for the Eu-rich crystal and from 2330 to 8550 :-1cm-1 for the Gd-rich one. The 
Gd-rich crystal exhibited better resolved spectral features of both the middle-infrared band and the far-
infrared region than the Eu-rich one. The reason is that both the middle-infrared band and other features 
in the Eu-rich crystal were stronger screened by free charge carriers than in the Gd-rich crystal. This is 
consistent with the calculated charge carrier concentration Neff which was higher in the Eu-rich crystal. 
Generally, with decreasing carrier concentration the screening weakens, and the MIR band becomes more 
clearly resolved from the Drude free charge carrier peak in the optical response functions [7]. If the 
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screening is too weak the one-component model fails to describe the optical properties because it leads to 
negative values of the carrier mass. It corresponds to bound charge response. That contradicts the 
assumption of the one-component model that the charge carriers form only one carrier type whose optical 
response differs both from that of the free and bound charges. 
4. Conclusions 
We performed absolute reflectance measurements in the normal and superconducting states of two NEG-
123 single crystals. We calculated their optical response functions by means of the Kramers-Kronig 
transformation. The optical properties were analyzed in frame of the two- and one-component models. 
Based on them we conclude that the Gd-rich crystal optical response is better described by the two-
component model distinguishing between the free and bound charge carriers, and that of the Eu-rich 
crystal is consistent with only one type of interacting carriers. This agrees with lower carrier number in 
the Gd-rich sample, which leads there to weaker screening of the middle-infrared band. 
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